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 Abstract:  On the basis of morphological and molecular 
studies, we identified the Australian endemic green alga 
known as  Caulerpa distichophylla along the coasts of 
Sicily (Italy, Mediterranean Sea). The slender  Caulerpa 
previously reported as  C. taxifolia from southeastern 
Turkey (Gulf of Iskenderun) also belongs to  C. disticho-
phylla . Morphologically,  C. distichophylla clearly dif-
fers from  C. taxifolia in its slender thallus and the lack 
of large rhizoidal pillars. However, genetic data do not 
provide undisputed evidence that the species are dis-
tinct. Sequences of the  tuf A cpDNA gene and of the cp 
16S rDNA intron-2 sequences separated the two taxa by 
only one single nucleotide mutation, whereas ITS rDNA 
sequences did not clearly distinguish them. The new 
combination  Caulerpa taxifolia var.  distichophylla is 
therefore proposed. Western and eastern Mediterranean 
populations of  C. taxifolia var.  distichophylla are prob-
ably the result of introduction events from southwestern 
Australia. Although the vector of primary introductions 
remains unknown (aquarium trade or shipping), mari-
time traffic appears to be the most likely vector of secon-
dary dispersal.  C. taxifolia var.  distichophylla is closely 
related to  C. taxifolia , hence interbreeding with the other 
 C. taxifolia strains in the Mediterranean Sea might be 
expected to occur. 
 Keywords:  Australia;  Caulerpa distichophylla ;  Caulerpa 
taxifolia ;  introduced species;  Mediterranean Sea. 
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 Introduction 
 Since the opening of new maritime and terrestrial trade 
routes, thousands of species have dispersed from their 
native regions and invaded new areas. With increasing 
globalisation, the number of newly introduced species 
has risen dramatically (Cohen and Carlton  1998 ) and, 
although not all introduced species become established, 
some flourish and become invasive, often causing serious 
environmental damage in their new homes. Early detection 
of these invasive species is essential if counter-measures 
and eradication are to be successful. See, for example, the 
case of  Caulerpa taxifolia (M. Vahl) C. Agardh in Southern 
California (Anderson  2005 ). 
 The Mediterranean Sea has always been subject to the 
introduction of alien species, due in part to commercial 
trade dating from historical times. Among the introduced 
organisms, marine algae are consistently significant 
(Boudouresque and Verlaque  2002 , Zenetos et al.  2010 ). 
This appears to be related to increasing maritime traffic 
and the tradition of shellfish farming, which are two well-
recognized vectors for the introduction of marine algae 
(Hewitt et al.  2007 , Williams and Smith  2007 ). In addition, 
the opening of the Suez Canal in 1869 played an important 
role, leading to the introduction of at least 35 macrophyte 
taxa into the Mediterranean Sea (Zenetos et al.  2010 ). 
 Introduced seaweeds can cause significant economic 
and ecological impacts by affecting the composition and 
dynamics of native ecosystems (Hewitt et al.  2007 ). One 
of the most important cases of Mediterranean marine 
seaweed invasions is the genus  Caulerpa (Chlorophyta), 
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which gained notoriety due to the species  C. taxifolia and 
 C. racemosa (Forssk å l) J. Agardh var.  cylindracea (Sonder) 
Verlaque, Huisman  et Boudouresque. These two species 
rapidly became widespread after their introduction into 
the Mediterranean Sea and affected both the indigenous 
seagrass ecosystems and other species assemblages (De 
Vill è le and Verlaque 1995 , Ceccherelli and Cinelli  1997 , 
Piazzi et al.  2001 , Ceccherelli and Campo  2002 ). The more 
notorious of the two is  C. taxifolia , which became a domi-
nant feature of the northwestern Mediterranean coast-
line (Meinesz et al.  2001 ) after its apparently accidental 
release from the public aquarium in Monaco, where it was 
on display (Meinesz and Hesse  1991 , Jousson et al.  1998 ). 
Large meadows of  C. taxifolia have been reported along 
the Mediterranean coastlines of France, northern Italy, 
Croatia, Sicily, Sardinia and the Balearic Islands (Jousson 
et al.  1998 , Olsen et al.  1998 , Meinesz et al.  2001 ), although 
currently it seems in natural regression in many areas 
(e.g., Ive š a et al. 2006 , Meinesz et al.  2010 ). 
 Furthermore, two additional  C. taxifolia strains 
have been reported for the Mediterranean. Jousson et al. 
 (2000) revealed a different  C. taxifolia strain in Tunisia by 
sequencing rDNA ITS. More recently, in Turkey, a slender 
strain was found to differ in its rDNA ITS sequence from 
the Mediterranean invasive aquarium strain, clustering 
together with specimens of  C. taxifolia from northeastern 
Australia and New Caledonia (Cevik et al.  2007 ). In 2007, 
a feather-like  Caulerpa species was observed in Punta 
Braccetto (Sicily, Italy), where patches grew mixed with 
 C. racemosa var.  cylindracea . The alga, which resembles 
 C. taxifolia, is smaller and more slender than the invasive 
aquarium strain of  C. taxifolia. Morphologically, it appears 
similar to  C. taxifolia reported from Turkey and  C. disti-
chophylla Sonder, a species described from southwestern 
Australia (Sonder  1845 , Huisman  2000 , Edgar  2008 ). As 
such, concerns were raised that this alga might represent 
a new species introduction. 
 In this study, we investigated the identity of the 
unknown  Caulerpa  taxifolia -like species from Sicily by 
use of the  tuf A gene, rDNA ITS and cp 16S rDNA intron-2 
sequences and by comparing it with other  Caulerpa 
species growing in the Mediterranean Sea, with differ-
ent strains of  C. taxifolia and with Australian strains of 
C. distichophylla . 
 Materials and methods 
 Specimen collection and herbaria 
 Field observations and sampling of the unknown 
Caulerpa species were performed in February 2008 by 
SCUBA diving at a depth of 3 m in Punta Braccetto (Ragusa, 
Sicily, Italy), located just west of the southern tip of Sicily 
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 Figure 1   Caulerpa taxifolia var.  distichophylla: records in the Mediterranean Sea (lower left) and the location of the new record in Punta 
Braccetto, Sicily (upper left).The 15 ° C and 17 ° C February isotherms are reported. In the right panels, pictures of fronds washed ashore in 
Punta Braccetto are shown. 
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Isolate Geographical location Reference/collector Acc. no
 tuf A
  C. taxifolia var . distichophylla 1 Punta Braccetto, Sicily, Italy This study/D. Campo JX185603
  C. taxifolia var . distichophylla 2 Punta Braccetto, Sicily, Italy This study/D. Campo JX185604
  C. taxifolia var . distichophylla 3 Punta Braccetto, Sicily, Italy This study/D. Campo JX185605
  C. taxifolia var . distichophylla 4 Punta Braccetto, Sicily, Italy This study/D. Campo JX185606
  C. taxifolia var . distichophylla 5 Punta Braccetto, Sicily, Italy This study/D. Campo JX185607
  C. taxifolia var . distichophylla 6 Punta Braccetto, Sicily, Italy This study/D. Campo JX185608
  C. taxifolia var . distichophylla 7 Punta Braccetto, Sicily, Italy This study/D. Campo JX185609
  C. taxifolia var . distichophylla Gulf of Iskenderun, Turkey This study/C. Cevik JX185614
  C. taxifolia var . distichophylla Kas, Antalya, Turkey Unpubl./B. Yokes GU571201
  C. taxifolia var . distichophylla Carnac Island, Western Australia This study/J. Huisman JX185610
  C. taxifolia var . distichophylla Torres Strait, Queensland, Australia This study/T. Wassenburg JX185611
  C. taxifolia var . distichophylla Cottesloe, western Australia Fam à et al. 2002 as  C. distichophylla AJ417940
 C. taxifolia invasive aquarium strain Villefranche-sur-Mer, France This study/P. Grewe JX185612
  C. taxifolia invasive aquarium strain Cap Martin, France This study/P. Grewe JX185613
  C. taxifolia Moreton Bay, Australia Fam à et al. 2002 AJ417936
  C. taxifolia Safaga, Egypt Fam à et al. 2002 AJ417937
  C. taxifolia Guayacan Island, Puerto-Rico Fam à et al. 2002 AJ417938
  C. taxifolia N. Kwa-Zulu Natal, South Africa Fam à et al. 2002 AJ417939
  C. taxifolia California aquarium shops, USA Stam et al. 2006 DQ652357
  C. ashmeadii Florida, USA Stam et al. 2006 DQ652371
  C. brachypus Florida, USA Stam et al. 2006 DQ652354
  C. prolifera Florida, USA Stam et al. 2006 DQ652382
  C. racemosa var . cylindracea Punta Braccetto, Sicily, Italy This study/D. Campo JX185616
  C. racemosa var . cylindracea Gulf of Naples, Italy This study/D. Jongma JX185615
  C. scalpelliformis var . denticulata Damour, Lebanon Fam à et al. 2002 AJ417972
 ITS 
  C. taxifolia var . distichophylla 1 Punta Braccetto, Sicily, Italy This study/D. Campo JX185597
  C. taxifolia var . distichophylla 2 Punta Braccetto, Sicily, Italy This study/D. Campo JX185598
  C. taxifolia var . distichophylla 3 Punta Braccetto, Sicily, Italy This study/D. Campo JX185599
  C. taxifolia var . distichophylla 4 Punta Braccetto, Sicily, Italy This study/D. Campo JX185600
  C. taxifolia var . distichophylla 7 Punta Braccetto, Sicily, Italy This study/D. Campo JX185601
  C. taxifolia var.  distichophylla Carnac Island, Australia This study/J. Huisman JX185602
  C. taxifolia var . distichophylla Gulf of Iskenderun, Turkey Cevik et al. 2007 as  C. taxifolia EF190263
  C. taxifolia invasive aquarium strain Monaco Aquarium, Monaco Olsen et al. 1998 AJ007822
  C. taxifolia invasive aquarium strain Sicily, Italy Olsen et al. 1998 AJ007819
  C. taxifolia invasive aquarium strain Stuttgart Aquarium, Germany Jousson et al. 1998 AJ228976
  C. taxifolia invasive aquarium strain Carlsbad, California, USA Jousson et al. 2000 AJ299742
  C. taxifolia Townsville, Australia Olsen et al. 1998 AJ007823
  C. taxifolia Sousse, Tunisia Jousson et al. 2000 AJ299753
  C. taxifolia Fraser Island, Australia Jousson et al. 2000 AJ299771
  C. taxifolia Noumea, New Caledonia Jousson et al. 2000 AJ299784
  C. taxifolia Safaga, Egypt, Red Sea Jousson et al. 2000 AJ299792
  C. taxifolia Puerto Rico, USA Jousson et al. 2000 AJ299804
  C. taxifolia Tahiti, French Polynesia Meusnier et al.  2001 AF259579
  C. taxifolia Bolinao, Philippines Meusnier et al. 2001 AF259589
  C. taxifolia Cangalayan, Philippines Fam à et al. 2002 AJ316278
  C. taxifolia Kelso Reef, Australia Meusnier et al. 2002 AF401316
  C. taxifolia Kissing Point, Australia Meusnier et al. 2002 AF460994
  C. taxifolia Kissing Point, Australia Meusnier et al. 2002 AF401319
  C. taxifolia Arlington Reef, Australia Schaffelke et al.  2002 AF316353
  C. taxifolia Careel Bay, Australia Schaffelke et al. 2002 AY034868
  C. taxifolia Lake Conjola, Australia Schaffelke et al. 2002 AF316356
  C. taxifolia Gladstone Harbour, Australia Schaffelke et al. 2002 AF316355
  C. taxifolia Port Hacking, Australia Schaffelke et al. 2002 AF316358
  C. taxifolia Michaelmas Reef, Australia Schaffelke et al. 2002 AF323601
  C. taxifolia Moreton Bay, Australia Schaffelke et al. 2002 AF323597
  C. taxifolia Myrmidon Reef, Australia Schaffelke et al. 2002 AY034873
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buffered 4 % formaldehyde – seawater for morphological 
analysis and in silica gel for DNA isolation. Samples of 
C. distichophylla were collected by one of us (J.M. Huisman), 
from Carnac Island (Western Australia), which is very close 
to the type locality of the species (Fremantle, WA), and by 
T. Wassenburg from Torres Strait (northern Queensland, 
Australia, Table  1 ). A new sampling of the slender feather-
like Turkish  Caulerpa described in Cevik et al.  (2007) , was 
also performed by one of us (M.B. Yokes) in the Kas-Kekova 
Marine Protected Area (Antalya) on the south Mediter-
ranean coast of Turkey (Figure 1) and a few specimens of 
C. taxifolia were sampled in aquarium shops in Turkey. 
Fixed material was studied under a light microscope. 
 The following material has been deposited in the 
Verlaque Herbarium, HCOM, Marseille, France (herba-
rium abbreviations follow Thiers  2009 ): 
 Caulerpa taxifolia var.  distichophylla (Sonder) Verlaque, 
Huisman  et Procaccini.  Western  Australia, Carnac 
Island (32 ° 07 ′ N, 115 ° 39 ′ E), H8109, coll. J. M. Huisman, 
21 December 2008.  Mediterranean , Punta Braccetto (36 ° 
48 ′ N, 14 ° 27 ′ E), Ragusa, Sicily, H8058-8059 and H8120-
8123, coll. D. Campo, June 2008; Gulf of Iskenderun (36 ° 
50 ′ N, 35 ° 53 ′ E), Turkey, H7741, coll. C. Cevik, 15 June 2006. 
 DNA extraction, PCR amplification and 
sequencing 
 DNA was extracted from approximately 100 mg of dried 
tissue. Tissue was ground with a mixer mill (Retsch  ®  
MM300, Haan, Germany), and 700  μ l of 2 % CTAB buffer 
and 10  μ l of  β -mercaptoethanol were added. Samples 
were incubated at 65 ° C for 35 min, after which NH 
4
 
acetate (2 m) was added, followed by further incuba-
tion on ice for 5 min. Short centrifugation (13,200 rpm) 
and two chloroform-isoamyl alcohol (24:1) extractions 
followed. DNA was precipitated with an equal amount 
Isolate Geographical location Reference/collector Acc. no
  C. taxifolia Kissing Point, Australia Meusnier et al. 2004 AY314762
  C. taxifolia Izmir, Turkey (aquarium shop) Cevik et al. 2007 EF190262
  C. mexicana Gran Canaria, Spain Olsen et al. 1998 AJ007816
  C. prolifera Martinique, Caribbean Jousson et al. 1998 AJ228988
  C. racemosa var.  cylindracea Marseille, France Durand et al.  2002 AJ297644
  C. racemosa var.  cylindracea Saronikos, Greece Durand et al. 2002 AJ297639
 16S rDNA intron-2
  C. taxifolia var . distichophylla 1 Punta Braccetto, Sicily, Italy This study/D. Campo JX185584
  C. taxifolia var . distichophylla 3 Punta Braccetto, Sicily, Italy This study/D. Campo JX185585
  C. taxifolia var . distichophylla 4 Punta Braccetto, Sicily, Italy This study/D. Campo JX185586
  C. taxifolia var . distichophylla 7 Punta Braccetto, Sicily, Italy This study/D. Campo JX185587
  C. taxifolia var . distichophylla Gulf of Iskenderun, Turkey This study/C. Cevik JX185588
  C. taxifolia var . distichophylla Antalya, Turkey This study/B. Yokes JX185589
  C. taxifolia var . distichophylla Carnac Island, Western Australia This study/J. Huisman JX185590
  C. taxifolia invasive aquarium strain Sicily, Italy Meusnier et al. 2002 AF460998
  C. taxifolia invasive aquarium strain Monaco Aquarium, Monaco Meusnier et al. 2002 AF460997
  C. taxifolia invasive aquarium strain Carlsbad, USA Meusnier et al. 2002 AF461003
  C. taxifolia Instanbul, Turkey (pet shop)  # 1 This study/B. Yokes JX185595
  C. taxifolia Instanbul, Turkey (pet shop)  # 2 This study/B. Yokes JX185594
  C. taxifolia Izmir, Turkey (pet shop) This study/B. Yokes JX185596
  C. taxifolia Kissing Point, Australia Meusnier et al. 2002 AF461004
  C. taxifolia Kelso Reef, Australia Meusnier et al. 2002 AF461005
  C. taxifolia Tahiti, French Polynesia Meusnier et al. 2002 AF461006
  C. taxifolia Bolinao, Philippines Meusnier et al. 2002 AF461007
  C. prolifera Boulogne Aquarium, France Meusnier et al. 2002 AF461008
  C. racemosa var.  cylindracea Antalya, Turkey This study/B. Yokes JX185593
  C. racemosa var.  lamourouxii Antalya, Turkey This study/B. Yokes JX185592
  C. scalpelliformis Mersin, Turkey This study/B. Yokes JX185591
 Table 1   List of samples used in the sequence analysis of the cpDNA  tuf A gene, the rDNA ITS1-5.8S-ITS2 region and the cp 16S rDNA 
intron-2. 
 Samples analyzed for this study and sequences obtained from GenBank and assigned to the new variety described in this paper are named 
as  Caulerpa taxifolia var.  distichophylla . 
(Table 1 continued)
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of cold isopropanol at -20 ° C overnight and pelleted by 
centrifugation (1 h, 13,200 rpm, 4 ° C), washed with 250  μ l 
of cold 80 % ethanol, dried in a Speed Vac (Eppendorf, 
Hamburg, Germany), and dissolved in 45  μ l of MilliQ water 
(Millipore, Billerica, MA, USA). 
 Amplification of the  tuf A region was performed using 
the TufAF-TufAR primers (Fam à et al. 2002 ), except in 
cases where there was no amplification, bad yield or a 
wrong product; in these latter cases, we used the reverse 
primer TufAR1 or a combination of TufAF1-TufAR2 primers 
(Stam et al.  2006 ). PCR amplifications were performed 
in the Euroclone One Gradient PCR machine  ( Euroclone, 
Pero, MI, Italy) in 25- μ l reactions containing 1  μ l of 
genomic DNA, 1 × reaction buffer (Biogem, Ariano Irpino, 
Italy), 0.2 mm dNTP, 2.5 mm of MgCl2, 0.01 % BSA, and 
62.5 pmol of each primer and 1.5 U Taq polymerase 
(Biogem). The PCR profile was as follows: one cycle at 
94 ° C for 4 min; ten cycles at 94 ° C for 15 s, 1 min at 50 ° C 
and 2 min at 72 ° C; 35 cycles of 15 s at 94 ° C, 20 s at 50 ° C and 
2 min at 72 ° C and one cycle at 72 ° C for 10 min. 
 The rDNA ITS region (ITS1-5.8S-ITS2) was amplified 
using the primers C1 and JO6 (Stam et al.  2006 ), located on 
the small and large rDNA subunits, which were also uti-
lized in association  with the internal primers Cau58F and 
Cau58R located on the 5.8S gene (Stam et al.  2006 ). PCR 
reactions for ITS were performed as for tufA (see above). 
 A region approximately 500 bp in length in the cp 16S 
rDNA intron-2 was amplified in 50- μ l reactions using the 
primers cp16S01-forward and cp16S01-reverse (Meusnier 
et al.  2002 ) and the following PCR conditions: one cycle 
at 94 ° C for 5 min; 30 cycles of 45 s at 94 ° C, 45 s at 60 ° C 
and 1 min 30 s at 72 ° C, and one cycle at 72 ° C for 7 min. 
PCR products were run on an ethidium bromide-stained 
1 % TAE agarose gel to check for amplification and correct 
length. Bands were cut and purified using the Qiaquick 
Gel Extraction Kit (Qiagen, GmbH, Hilden, Germany) and 
eluted in MilliQ water. Approximately 50 ng of purified 
PCR products were sequenced using the BigDye Termi-
nator Cycle Sequencing technology (Applied Biosystems, 
Foster City, CA, USA) with the original PCR primers. 
 Sequence alignment and analysis 
 Sequences were aligned with other  Caulerpa sequences 
obtained from the GenBank public database (Table 1) 
using the Clustal W multiple alignment method 
(Thompson et al.  1994 ) implemented in the BioEdit ver. 
7.0.9 software (Hall  1999 ). 
 In the case of the  tuf A, we selected a number of 
 Caulerpa taxifolia sequences ranging from the invasive 
aquarium strain to representatives from the natural distri-
bution of the species (Fam à et al. 2002 , Stam et al.  2006 ). 
 Caulerpa ashmeadii Harvey,  C.  brachypus Harvey , C. pro-
lifera (Forssk å l) J.V. Lamouroux,  C. racemosa (Forssk å l) 
J. Agardh and  C. scalpelliformis (R. Brown ex Turner) 
C. Agardh were chosen as outgroups. Outgroups were 
selected from the Fam à et al. (2002) Maximum likelihood 
tree within clades at different levels of distance from the 
C. taxifolia / C. distichophylla branch. 
 For ITS sequences, we selected representatives from 
all the clades resulting from the analysis by Cevik et al. 
 (2007) to compare the dataset in which a new introduction 
of  C. taxifolia in the Mediterranean had been described. 
C. prolifera ,  C. mexicana Sonder ex K ü tzing and  C. race-
mosa were used as outgroups. 
 For the cp 16S intron-2, we selected the sequences 
of  C. taxifolia and  C. prolifera from those utilized by 
Meusnier et al.  (2002) . Only for the  C. taxifolia invasive 
strain did we retain more than one identical sequence. We 
also included new sequences of  C. racemosa and  C. scal-
pelliformis , which were used as outgroups, together with 
C. prolifera . 
 Maximum parsimony (MP) analysis was conducted 
for the three DNA regions analyzed using MEGA 3.1 soft-
ware (Kumar et al.  2004 ). Gaps and missing data were 
analyzed with the  “ complete deletion ” option, and the 
robustness of the internal nodes was tested with 2000 
bootstrap replicates. 
 The optimal model for sequence evolution for the 
Bayesian analysis (BA) was determined with MrModeltest 
version 2.3 software (Nylander  2004 ), using hierarchical 
likelihood ratio tests. GTR + G, HKY + G and JC were found 
to be the best models for  tuf A, ITS and 16S rDNA intron 
2 sequences, respectively. For each analysis, the MCMC 
(Markov chain Monte Carlo) search was run for 2,000,000 
generations using MrBayes software (Huelsenbeck and 
Ronquist  2001 ). The “Lset” and “Prset” parameters 
were set according to the optimal models suggested by 
MrModeltest, and program defaults were used for other 
parameters. Samplefreq was set to 100, and the first 5000 
trees were discarded as burn-in. 
 Results 
 Morphological data 
 Specimens collected from Punta Braccetto (Sicily) had the 
following morphological features: thalli green; slender, 
creeping stolons, 0.5 – 1.0 mm in diameter; frequent 
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rhizoidal pillars, very short, 1.0 – 2.0 (-5.0) mm long; 
simple erect fronds one- to two-times branched, 4 – 0 cm 
high and 2.0 – 4.0 mm broad, feather-like; rachis cylindri-
cal below, becoming compressed above and 0.5 – 1.0 mm 
broad, bearing opposite distichously (rarely tristichously) 
arranged, closely adjacent pinnules; pinnules slightly 
compressed and slightly upwardly curved, 1.0 – 3.0 mm 
long and 0.2 – 0.5 mm broad (Figures  2 – 5 ). Specimens from 
Sicily agree well with the descriptions of  C. distichophylla 
and do not differ from specimens collected from the type 
locality (Figure 6, Table  2 ) or from the  Caulerpa strain 
previously reported as  C. taxifolia from Turkey (Cevik et al. 
 2007 ) (Figures 7 and 8, Table 2). 
 Sequence data 
 cpDNA tufA region   The  tuf A alignment was 812 bp long. 
Specimens from Sicily had sequences identical to the 
Australian  Caulerpa distichophylla specimens, the 
GenBank sequence of  C. distichophylla from Cottesloe, 
(Western Australia), and the Turkish  Caulerpa specimens 
 Figures 2 – 8   Caulerpa taxifolia var.  distichophylla . Figures 2 – 5. Specimen H8121, Punta Braccetto Sicily. Figure 2. Habit (arrows: short 
rhizoid). Figure 3. Upper portion of a distichous frond. Figure 4. Middle portion of a distichous frond. Figure 5. Middle portion of a tristi-
chous frond (arrowhead). Figure 6. Specimen H8109, Carnac Island, Western Australia, middle portion of a distichous frond. Figures 7 
and 8. Specimen H7741, Gulf of Iskenderun, southeastern Turkey. Figure 7. Upper portion of a distichous frond. Figure 8. Habit (arrow: short 
rhizoid). Scale bars: Figures 2 and 8 = 1 cm; Figures 3 – 7 = 1 mm. 
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from the Gulf of Iskenderun identified as  C. taxifolia by 
Cevik et al.  (2007) and from the Gulf of Antalya. Only 
a single nucleotide mutation (A/G) distinguished the 
sequences of these specimens (hereafter:  C. distichophylla 
group) from all the sequences of the typical  C. taxifolia 
specimens (position 142 in the alignment). Only one  C. dis-
tichophylla specimen, number 7 from Sicily, had a double 
pick in the electropherogram in position 142, showing 
the presence of both A and G. The results of the Bayesian 
analysis are shown in Figure  9 , in which all four polymor-
phic sites present among sequences of  C. taxifolia and the 
 C. distichophylla group are shown (position 34, 142, 358 
and 492 in the alignment). It is worth noting that polymor-
phism within the C.  taxifolia clade is greater than in the 
C. taxifolia / C. distichophylla group distinction. The 
C. distichophylla group had no statistical support in the 
 Figure 9   Bayesian consensus tree with 90 % cut-off posterior probabilities obtained with the  tuf A cpDNA gene sequence. 
 The analysis was run under the GTR + G model and a MCMC (Markov chain Monte Carlo) search was run for 2,000,000 generations. 
Bayesian posterior probabilities are shown above the lines. Branch support obtained after 2000 bootstrap replicates for maximum 
parsimony (MP) is indicated below lines. The variable sites (positiona 34, 142, 358 and 492 of the alignment) are shown. The grey box 
indicates sequences of  Caulerpa taxifolia var.  distichophylla . Identical sequences are either indicated in the sequence name or have 
the same superscript number; sequences in bold have been obtained in the present analysis. See Table 1 for complete sequence 
reference. IAS, invasive aquarium strain . 
var.  distichophylla var.  taxifolia 
Source Womersley, 
1984
H8109 a H7741 a H8058-
8059 a 
Meinesz and Hesse 1991, Cevik 









Mediterranean Sea and 
aquarium shop
Diameter of stolons (mm) 0.5 – 1.0 0.5 – 1.0 0.9 – 1.1 0.5 – 1.0 1.6 – 2.5
Length of rhizoid pillars (cm) m.d. 0.1 – 0.4 0.1 – 0.3 0.1 – 0.5 1.0 – 13.0
Maximal length of fronds (cm) 15.0 m.d. 10.0 10.0 62.0
Width of fronds (mm) 3.4 – 4.0 (-8.0) 1.0 – 4.0 1.9 – 3.5 2.0 – 4.0 10.0 – 22.0
Maximal length of pinnules (mm) 1.0 – 2.0 (3.0) 1.0 – 2.0 0.8 – 1.9 1.0 – 3.0 8.0 – 15.0
Width of pinnules (mm) 0.2 – 0.5 0.2 – 0.5 0.2 – 0.5 0.2 – 0.5 1.0 – 1.5
 Table 2   Comparison of diagnostic characters of  Caulerpa taxifolia var.  distichophylla and var.  taxifolia . 
 a Accession numbers of Verlaque Herbarium. m.d., missing data. 
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analyses performed. Results obtained with the MP analy-
sis were consistent. 
 rDNA ITS region   The ITS1-5.8S-ITS2 alignment was 611 bp 
long.  Caulerpa mexicana ,  C. prolifera and  C. racemosa 
were almost impossible to align in the ITS1 region due to 
several insertions/deletions (indels) and base substitu-
tions. The ITS1 alignment of  C. taxifolia and the  C. disti-
chophylla group alone was 135 bp long and contained a 
27 bp indel. Specimens from Sicily shared the deletion 
with  C. distichophylla from Australia, the slender feather-
like specimens from the Gulf of Iskenderun (Turkey), the 
 C. taxifolia invasive aquarium strain, and the specimens 
coming from the putative Australian source regions of 
the  C. taxifolia invasive aquarium strain. There were 14 
polymorphic sites among  C. taxifolia sequences, 16 in 
the  C. taxifolia / C. distichophylla group ITS1 alignment, 
and only one among sequences of the  C. distichophylla 
group. The 5.8S alignment was 147 bp long when the three 
outgroup sequences were considered. Only five variable 
sites, all within the  C. taxifolia group, were present. The 
 C. taxifolia / C. distichophylla group ITS2 alignment was 
294 bp. Four specimens from Sicily (numbers 1 – 4) shared 
three single nucleotide polymorphisms (SNPs, positions 
310, 546 and 562) and an 8-bp-long sequence (AGTGAACA) 
in positions 317 – 324 of the alignment with only speci-
mens from the Gulf of Iskenderun (Turkey) and from Port 
Hacking and Kissing Point in Australia. Another specimen 
from Sicily (number 7) shared two SNPs (in positions 322 
and 362) with only  C. distichophylla from Carnac Island 
(Australia). The results of the Bayesian analysis performed 
on the total ITS1-5.8S-ITS2 alignment are presented in 
Figure  10 . Results obtained with the MP were consist-
ent, although MP identified less genetic sub-structuring 
 Figure 10   Bayesian consensus tree with 90 % cut-off posterior probabilities obtained with the ITS1-5.8S-ITS2 rDNA sequence. The analysis 
was run under the HKY + G model and the MCMC (Markov chain Monte Carlo) search was run for 2,000,000 generations. Bayesian posterior 
probabilities are shown above the lines. Branch support obtained after 2000 bootstrap replicates for maximum parsimony is indicated 
below the lines. Grey boxes indicate sequences of  Caulerpa taxifolia var.  distichophylla . Identical sequences are indicated in the sequence 
name; sequences in bold have been obtained in the present analysis. See Table 1 for complete sequence reference. IAS, invasive aquarium 
strain . 
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(note the absence of MP bootstrap support for some of the 
C. taxifolia branches in Figure 10). The  C. taxifolia / C. dis-
tichophylla group was clearly distinct from the outgroups. 
 C. taxifolia sequences grouped in a series of well sup-
ported clades, among which sequences of the  C. disticho-
phylla group were completely embedded, although in two 
distinct well-supported clades. Four sequences from Sicily 
grouped with the specimens from the Gulf of Iskenderun, 
within a clade harboring specimens from Australia and 
New Caledonia. Sicily specimen number 7 (JX185601) 
grouped in a separate clade with  C. distichophylla from 
Carnac Island, Australia. Specimens from the Philippines 
were grouped with a specimen obtained from an aquar-
ium shop in Turkey (Figure 10). 
 cp 16S rDNA intron-2   The 16S rDNA intron-2 alignment 
was 513 bp long. There were 68 variable sites in the com-
plete alignment that included  Caulerpa taxifolia , the 
C. distichophylla group,  C. prolifera , two varieties of 
C. race mosa and  C. scalpelliformis . Only 12 variable sites 
were present among only the  C. taxifolia and  C. disticho-
phylla group sequences. All sequences of the  C. disticho-
phylla group were identical. Interestingly, only a single 
nucleotide mutation (T/C) distinguished these sequences 
from the Mediterranean and US specimens of  C. taxifolia 
(the invasive aquarium strain). The results of Bayesian 
analysis are shown in Figure  11 . The distinction between 
the  C. distichophylla group and  C. taxifolia was not statis-
tically supported. Only the two specimens of  C. taxifolia 
from Kelso reef (Australia) and Bolinao (Philippines) 
grouped in a distinct well-supported clade, together with 
samples from pet-shops in Turkey. Results obtained with 
MP analysis were consistent, although MP identified a 
weakly supported clade harboring sequences from the 
invasive aquarium strain. 
 Discussion 
 Identity and origin of the Mediterranean 
material 
 Morphological studies and the comparison of ITS,  tuf A 
cpDNA and 16S intronITS rDNA sequences between the 
different strains demonstrated that the slender feather-
like  Caulerpa taxon discovered in Sicily and previously 
reported as  C. taxifolia in Turkey (Cevik et al.  2007 ) is the 
Australian endemic  Caulerpa species known as  C.  disti-
chophylla Sonder, and that Mediterranean populations 
likely result from recent introduction(s) from Australia. 
 Taxonomic affinities of  Caulerpa 
distichophylla 
 Weber -van Bosse (1898) placed  Caulerpa distichophylla 
in the section Thuyoideae J. Agardh with  C. cupressoides 
 Figure 11   Bayesian consensus tree with 90 % cut-off posterior probabilities, obtained with the 16S rDNA intron-2 sequence. The analysis 
was run under the JC model and the MCMC (Markov chain Monte Carlo) search was run for 2,000,000 generations. Bayesian posterior prob-
abilities are shown above lines. Branch support obtained after 2000 bootstrap replicates for maximum parsimony (MP) is indicated below 
the lines. Grey boxes indicate sequences of  Caulerpa taxifolia var.  distichophylla . Identical sequences are either indicated in the sequence 
name or have the same superscript number; sequences in bold have been obtained in the present analysis. See Table 1 for complete 
sequence reference. IAS, invasive aquarium strain . 
Brought to you by | Murdoch University Library
Authenticated | 134.115.2.116
Download Date | 3/4/13 3:25 AM
36      D.N. Jongma et al.: Slender  Caulerpa taxifolia in the Mediterranean Sea
(Vahl) C. Agardh and  C. serrulata (Forssk å l) J. Agardh. 
However, genetic data show that  C. distichophylla does 
not belong to sect. Thuyoideae but to the polyphyletic 
section Filicoideae J. Agardh with  C. taxifolia , and provide 
undisputed evidence that it is not distinct from  C. taxifolia 
(Fam à et al. 2002 ). The  C. distichophylla sequences were 
not statistically distinct from  C. taxifolia in the  tuf A and 
16S intron phylogenies, and the alga was embedded in the 
 C. taxifolia clade in the ITS phylogeny. Fam à et al. (2002) 
have already suggested that  C. distichophylla and  C. taxi-
folia might be sister taxa and represent morphotypes of 
a single species. The polymorphism of the ITS region of 
 C. distichophylla and the presence of an ambiguous posi-
tion in one of the specimens in the  tuf A sequence (number 7, 
A/G in position 142) might be the result of interbreeding 
with  C. taxifolia or sexual recombinations (see Meusnier 
et al.  2004 ). Interbreeding would only be possible if both 
taxa were able to produce both male and female gametes. 
Successful sexual propagation in  C. taxifolia has not been 
observed in the Mediterranean Sea, where only male 
gametes have been recorded ( Ž uljevi ć et al. 2012 ), but in 
subtropical eastern Australia, sexual reproduction of that 
alga has been observed and studied in detail (Phillips 
 2009 ). 
 However, considering (i) the unequivocal and 
stable morphological differences between  Caulerpa dis-
tichophylla and  C. taxifolia, i.e., a slender thallus with 
frequent short rhizoidal pillars vs. a large thallus with 
spaced long rhizoidal pillars, (ii) the absence of over-
lapping of the diagnostic characters (Table 2), (iii) the 
absence of intermediate forms, (iv) the stable single 
nucleotide polymorphism in the  tuf A region and 
(v) the absence of  C. taxifolia in the major part of its 
native region (southern sector of Western Australia), we 
consider  C. distichophylla as a morphologically slender 
variety of  C. taxifolia, and we propose the following new 
combination:  Caulerpa taxifolia (Vahl) C. Agardh var. 
 distichophylla (Sonder) Verlaque, Huisman and Procac-
cini,  stat. nov. 
 Basionym   Caulerpa distichophylla Sonder (1845) Bota-
nische Zeitung, 3:50. 
 Holotype   Preiss; MEL 503814 (Womersley  1984 ). 
 Type locality   Western Australia (Silva et al.  1996 ). 
According to Womersley  (1984) the type locality is prob-
ably near Fremantle. 
 Homotypic synonym   Corradoria distichophylla (Sonder) 
Trevisan  1849 : 134. 
 Heterotypic synonym   Caulerpa tenella Harvey 1855: 564. 
 Illustrations   K ü tzing (1857 , pl. 8, Figure 2b and b ′ ); 
Harvey  (1860 , pl. CLXI); Weber-van Bosse (1898, pl. XXXI, 
Figure 1); Womersley  (1984) , Figures 86C, 87C1 and 2); 
Huisman  (2000) , Figure on p. 251); Cevik et al.  (2007) , 
Figures 2 and 4C, as  C. taxifolia ). 
 Caulerpa taxifolia and  C. taxifolia var.  distichophylla might 
have differences in micro-morphological features, though 
Fam à et al. (2002) analyzed the distribution of four chloro-
plast characters first identified by Calvert et al.  (1976) in the 
genus  Caulerpa , and showed that the sections Thuyoideae 
and Filicoideae have the same chloroplast type.  In some 
cases of multiple introductions, the different introduced 
strains have not been distinguished, in spite of significant 
differences in genetic markers and geographical origin 
[e.g.,  Asparagopsis taxiformis (Delile) Trevisan; Andreakis 
et al.  2007 ]. Further taxonomic studies using other genetic 
markers might untangle the relationships between the dif-
ferent strains of  C. taxifolia . In the absence of evidence that 
the species are distinct, it seems preferable to consider two 
subspecific taxa in order to be able to follow their respec-
tive dynamics in the Mediterranean Sea. A similar taxo-
nomic treatment has been adopted for the invasive strain 
of  C. racemosa introduced in Europe, with its reduction to a 
variety rank of the endemic Australian species  C. cylindra-
cea Sonder (Verlaque et al.  2003 ). 
 The vector of introduction into the 
Mediterranean Sea 
 Recognition of the vector of introduction of a marine 
species can be only speculative. In the present case, 
there is little evidence in favor of a Lessepsian migration 
because  Caulerpa taxifolia var.  distichophylla has a dis-
tribution that is restricted to the western and northern 
shores of Australia and has never been reported from the 
Red Sea or the northern Indian Ocean. The possibility of 
an introduction by shipping must be considered as both 
the Gulf of Iskenderun, where the alga was recorded for 
the first time in the Mediterranean, and the area around 
Punta Braccetto, in Sicily, are characterized by intense 
ship traffic due to the presence of petrochemical facilities. 
It is worth noting that  C. taxifolia var.  distichophylla is the 
third seaweed from the Perth region (Western Australia) 
to be introduced into the Mediterranean Sea since 1990, 
after  C. cylindracea Sonder (1845) ( = C. racemosa var.  cylin-
dracea ; Verlaque et al.  2003 ) and  Asparagopsis sandfordi-
ana Harvey  (1855) ( = the invasive strain of  A. taxiformis ; 
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Ballesteros and Rodriguez -Prieto 1996 , Andreakis et al. 
 2007 ). In the Mediterranean Sea, there are two other 
cases of multiple species introductions from the same 
region, each involving a unique vector: the introduc-
tions by oyster transfers from Japan for the exotic species 
of coastal lagoons (Verlaque et al.  2007 , Cecere and 
Petrocelli  2009 , Sfriso et al.  2009 ) and the arrival of Red 
Sea species through the Suez Canal for the Lessepsian 
species (Boudouresque  1999 , Galil  2008 ). For the three 
Australian introductions, we postulate that the aquarium 
trade might be the vector.  Caulerpa spp. are widely used in 
aquaria (see Stam et al.  2006 , Cevik et al.  2007 ), and  Aspar-
agopsis spp. in their sporophyte life-history phase (“ Falk-
enbergia” ) are frequent in algal turfs growing on natural 
marine hard substrata, such as those used as aquarium 
decoration. As a result, Western Australia appears to be 
an important potential donor region for the introduction 
of marine species into the Mediterranean Sea. The finding 
of  C. taxifolia specimens in aquarium shops in Turkey that 
cluster with sequences from eastern Australia and the 
Philippines in the 16S tree confirms the ongoing trade and 
shipping of  C. taxifolia for private aquaria. This observa-
tion rules out the possibility that the  Caulerpa imported 
for aquaria and the new  Caulerpa found along the coasts 
have the same origin. The presence of different specimens 
collected in Punta Braccetto (Sicily) that are grouped in 
different clades in the ITS tree seems to suggest that Sicily 
has received both a primary introduction from outside the 
Mediterranean and a secondary introduction from Turkey 
of specimens possibly interbreeding with co-existing 
C. taxifolia . The secondary dispersal in the Mediterranean 
is likely due to marine currents, shipping (anchorages, 
fouling and ballast waters) or fishing (nets, trawls and 
other engines). 
 The probability of introduced  Caulerpa 
taxifolia var.  distichophylla spreading 
 In the literature,  Caulerpa taxifolia var.  distichophylla 
has been reported only from the warm-temperate coast 
of Western Australia between Dongara (29 ° 15 ′ N, 114 ° 
55 ′ E) and the Waychinicup estuary (34 ° 54 ′ S, 118 ° 19 ′ E) 
(Womersley  1984 , Huisman and Walker  1990 , Phillips and 
Lavery  1997 ), which is a more restricted distribution than 
that of  C. racemosa var.  cylindracea (Verlaque et al.  2003 ). 
Although  C. taxifolia var.  distichophylla is not known from 
tropical Western Australia (J. Huisman, unpub. obs.), our 
collection from Torres Strait (Queensland), which is the 
first record outside Western Australia, shows the alga is 
also present in tropical seas where  C. taxifolia is distributed. 
 In Western Australia,  C. taxifolia var.  distichophylla is 
relatively common along the west coast in subtidal rock 
pools and to a depth of 6 m, whereas it is apparently rare 
on the south coast (Womersley  1984 ). The region of Perth 
is subject to winter warming by the Leeuwin current, but 
is also influenced by cooler currents (Huisman and Walker 
 1990 ). The surface water temperatures range from about 
14 ° C or 16 ° C in winter to 22.5 ° C in summer (Jeffrey  1981 , 
Womersley  1984 , Pearce et al.  1999 ). The salinities of south-
western Australia waters range from 35.27 to 37.00 (Chubb 
and Barker  2002 ). Environmental conditions experienced 
by Western Australian populations of  C. taxifolia var.  dis-
tichophylla are similar to those encountered in the areas 
where the alga has been recorded in the Mediterranean 
Sea. During the last 3 years,  C. taxifolia var.  distichophylla 
has dispersed from the Gulf of Iskenderun in Turkey, with 
water temperatures always above 17 ° C, all over the south-
ern Mediterranean coast of Turkey, reaching the western 
side of Antalya where winter water temperatures may drop 
to around 15 ° C.  Caulerpa taxifolia var.  distichophylla is now 
near the Aegean border and may possibly proceed further 
north, as observed for  C. racemosa var.  cylindracea , which 
is now very abundant on the northern Aegean coast. Never-
theless, winter water temperatures seem to limit, for the 
moment, the northern expansion of the alga in the Medi-
terranean Sea, as Punta Braccetto is located along the 15 ° C 
winter isotherm (Figure 1). Low temperature is not related 
to the observed Mediterranean regression of  C. taxifolia , 
which is able to survive for more than 5 months below 15 ° C 
(Ive š a et al. 2006 , Meinesz et al.  2010 ). The temperature 
tolerance of  C. taxifolia var.  distichophylla requires further 
experimental analysis. 
 In conclusion, a new feather-like  Caulerpa taxon was 
collected in Punta Braccetto (Sicily, Italy), where it grows 
in mixed beds with  C. racemosa var.  cylindracea . Mor-
phologically, the alga agrees well with  C. distichophylla 
Sonder, a species described from Western Australia. Based 
on molecular studies ( tuf A cpDNA, ITS1-5.8S-ITS2 rDNA 
and cp 16S rDNA intron-2 sequences), we confirmed the 
introduction of this taxon into the Mediterranean Sea. The 
strain introduced in Sicily is identical to the “ C. taxifolia ” 
reported from the Gulf of Iskenderun (Turkey), and both 
populations are probably the result of introduction events 
from southwestern Australia. Only a single SNP in the  tuf A 
cpDNA gene separated  C. distichophylla from  C. taxifolia , 
whereas the cp 16S rDNA intron-2 did not distinguish 
the two species; ITS rDNA identified two well-supported 
branches in the  C. distichophylla group, both within the 
C. taxifolia clade. The little variation found between the 
two species with the molecular markers we used allows us 
to reduce  C. distichophylla to varietal rank as  C. taxifolia 
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var.  distichophylla. An expansion of the alga in the Medi-
terranean can be expected, perhaps in relation to the 
observed regression of  C. taxifolia . 
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